We describe the synthesis of new manganese (II) and manganese (III) complexes containing the bidentate ligands 2-(3-pyrazolyl)pyridine, pypz-H, and 3(5)-(2-hydroxyphenyl)pyrazole, HOphpz-H, with formula 
Introduction
Metal-catalysed oxidation is one of the most important transfer reactions in chemistry and biology. 1 Olefin epoxidation has received considerable interest from both academics and industry since epoxides play an important role as intermediates and buildings blocks in inorganic synthesis and material science. 
Results and discussion

Synthesis and Structure
The synthetic strategy followed for the preparation of Mn II complexes 1-5, containing the pypz-H ligand, and complex 6, containing the HOphpz-H ligand, is outlined in Scheme 1. Different Mn(II) salts are used as starting materials and then the corresponding ligand is added stepwise for the preparation of complexes
1-6.
When an ethanolic solution of ligand pypz-H is added to MnCl2 dissolved in ethanol with a metal:ligand ratio 1:2.5, the complex [MnCl2(pypz- The crystal structures of all complexes have been solved by X-ray diffraction analysis. Crystallographic data and selected bond distances and angles for compounds 1-6 are presented in Table S1 and S2 (see supporting information section). ORTEP plots with the corresponding atom labels for the X-ray structures of all compounds are presented in Figure 1 . Crystal structures of mononuclear compounds 1-4, containing the pypz-H ligand, reveal in all cases a distorted octahedral geometry around the metal, where Mn(II) ion is coordinated by four nitrogen atoms of two pypz-H ligands and two anionic monodentate ligands adopting a cis configuration. Compound 3 is, to the best of our knowledge, the first described mononuclear Mn(II) compound where acetate groups are acting as monodentate ligands adopting a cis configuration around the metal. It is noticeable that in the four complexes the respective anionic ligands are situated trans to the pyridyl ring of each pypz-H ligand, which is consistent with the higher Lewis basicity of pyrazole as compared to pyridine. Mn-N bond lengths also manifest this trans effect since the average Mn-Npyridyl bond distances for each compound are longer than the corresponding Mn-Npyrazole, where two pyrazole rings are mutually in trans position. The Mn-Cl, Mn-Otriflate, Mn-Oacetate and MnOnitrate bond distances are comparable to those found in similar Mn(II) compounds. 18 Metal-ligand angles in the rest of isomers. The geometry around the Mn(III) ion is a distorted square-pyramid with a τ index of 0.20 (τ = 0 for a square-pyramid, and τ = 1 for trigonal bipyramid), 22 where the base is defined by the two bidentate ligands and the monodentate chloride ion occupies the apical position. The Mn-O and the Mn-N average bond lengths are 1.85 Å and 1.97 Å respectively and are shorter than the Mn-Cl bond (2.45 Å) which indicates that the chloride ion interacts with Mn(III) in a weaker way than the donor atoms from the hydroxyphenyl pyrazole ligands, as expected. However, the Mn-Cl bond is shorter than the analogous Mn-X distance found in a similar structure that contains a bromo ligand instead of Cl, due to the smaller ionic radius and larger electronegativity of Cl -when compared to Br -. 9a This fact is also reflected in the distortion of the coordination geometry, where the distance of the manganese(III) ion from the N2O2 mean plane is 0.242 Å (in the reported structure with a bromo ligand the distance of Mn with regard to the analogous plane is 0.337 Å). The average of the two intraligand O-Mn-N angles is slightly smaller than 90º (89.07º). The structure contains also intramolecular H-bonding interactions between the O(1) and O(2) oxygen atoms and the pyrazole H(1) and H(3) hydrogen atoms (Figure 1 and S3). The packing of 6, organized in zig-zag ladder-like chains (see Figure S3 ), presents π-stacking interactions together with intermolecular H-bonding between Cl and the pyrazole N-H atoms, (N(1)-H(1)···Cl(1) = 3.207 Å). These interactions are stronger than in other compounds previously reported in the literature.
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Electrochemical properties
The redox potentials of complexes 1-6 were determined by cyclic voltammetry (CV) and differential pulse voltammetry (DPV) in CH3CN containing 0.1 M of n-Bu4NPF6 (TBAH) as supporting electrolyte using Ag/AgNO3 as reference electrode. The voltammograms obtained are shown in Figure As can be observed, triflate (2), acetate (3) and nitrate (4) compounds are oxidised at higher potentials than the structurally similar chlorido complex 1, which can be explained in terms of the stronger electrondonating capacity of chlorido ligands compared to the above mentioned anions.
Regarding the pentacoordinated complex 6, an irreversible oxidation process is found at Ep,a = 0.95 V, which can be assigned to the Mn(IV/III) redox pair. This assignment has been carried out on the basis of a bulk electrolysis (not shown) performed at an applied potential of 0.5 V after which the initial Mn(III) complex remains unchanged. We have not observed any wave corresponding to the Mn(III/II) redox pair in the potential range from -0.6 to 1.5 V, indicating that the coordination of three anionic ligands to Mn highly destabilizes the Mn(II) oxidation state.
The monoelectronic nature of the wave was confirmed in compound 1 by performing a bulk electrolysis of a 1 mM solution of the complex in acetonitrile at Eapp = +0.63 V, which transfers 1 electron per molecule of complex and leads to the generation of {Mn III Cl2(pypz-H)2} + as attested by the CV obtained ( Figure 2) . However, the yield of Mn III species is only 83% as judged by comparison between the intensities of the waves recorded before and after electrolysis, and two new irreversible oxidation waves appear at 0.8 and 1 V which, in the case of the latter, could tentatively be assigned to the oxidation of free chloride ions. The new wave at 0.8 V could be related to the presence of new Mn(II) species arising from substitution of Cl ligands by acetonitrile solvent, and the increase in the E1/2 value with regard to the initial wave would be in accordance with the higher electron-withdrawing ability of CH3CN when compared to chlorido. 23, 24 The cyclic voltammetry obtained after back-electrolysis performed at 0.3 V shows an increase of the intensity of the Mn III /Mn II redox wave but the initial species is not completely restored. The UV-Vis spectrum of the resulting oxidized compound was also performed ( Figure S5 ) and shows the same features than other Mn III complexes with nitrogen and chlorido based ligands described in the literature.
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Catalytic olefin epoxidation in acetonitrile medium
The catalytic activity of manganese compounds 1-6 towards styrene epoxidation using peracetic acid (39%) as oxidant in acetonitrile was investigated. Table 1 reports the conversion and selectivity values for the epoxide product in each case. No epoxidation occurred in the absence of catalyst, and olefin conversion values were below 5% in the presence of different manganese salts. Hydrogen peroxide was also tested as oxidant but no catalytic activity was detected. Also, a combination of H2O2 (50% aqueous solution) and acetic acid at 0ºC (1:10 H2O2:AcOH ratio) was used but very low conversion values (<10%)
were found.
As we can see in Table 1 , all the compounds show moderate conversion and selectivity values for styrene epoxide and in all cases benzaldehyde (4-19% vs epoxide) is detected as main side product. 26 The conversion values displayed by chlorido precatalysts 1 and 5 are higher than those presented by the triflate (2), acetate (3) or nitrate (4) complexes. The differences observed can be explained by slower oxidation kinetics for the latter three compounds since the oxidation potential of the chlorido complexes (E1/2 = 0.63 V, 1 and 0.66 V, 5) are significantly lower than those of complexes 2-4 (above 0.7 V). Also, distinctive high-valent species are probably involved depending on the precatalyst used. In previous works 8a we have demonstrated the remarkable differences in the oxidised species formed from structurally analogous chlorido and triflate Mn complexes containing bipyridyl ligands, where the highvalent species formed by oxidation of the chlorido complexes attained a higher oxidation state thanks to the presence of Cl ligands that remained coordinated after addition of the oxidant, and this was related to the better catalytic performance observed for these complexes when compared to the analogous triflate compounds. A similar picture can be postulated for the epoxidation mediated by complexes 1-5.
The activity of complex 6 is also moderate despite its pentacoordinated nature that in principle should favour the approach of the substrate towards the active site. This fact could be due to the strongly coordinating and electron-donor ability of the anionic phenolate moieties that would increase the stability of a putative high-valent metal-oxo intermediate hence decreasing its reactivity and leading to a lower conversion of substrate, as has been observed with other Mn(III) compounds. 26 In the case of complex 6, we believe that the main factors affecting the reactivity are the nature of the ligands and the coordination environment rather than the oxidation state of the initial precatalyst.
In this context, we have also decided to study and compare the performances of compounds 1, 6 and 5, which present different number and types of bidentate ligands, coordination environments and Mn oxidation state, in the epoxidation of other olefins. Table 2 reports the conversion and the selectivity values obtained for the corresponding epoxide products.
As can be observed in Table 2 , moderate conversion values are obtained in general for the three aromatic olefins tested (entries 1-3) whereas the three catalysts display better performances when epoxidizing the aliphatic cyclooctene and 4-vinylcyclohex-1-ene substrates (entries 4 and 5). Moderate to high selectivity values for the corresponding epoxides are observed in all cases, with formation of minor amounts of the corresponding aldehyde, alcohol or/and ketone.
The improved performance observed for the most electron-rich aliphatic substrates suggests that an electrophilic active species could be responsible for the attack at the alkene position. This is also in agreement with the catalysts leading specifically to the epoxidation of the ring alkene position at the 4-vinylcyclohex-1-ene substrate. The epoxidation of this olefin with manganese complexes has been only scarcely studied 27 and the results indicate that either a mixture of the two possible regioisomers or the corresponding diepoxide are formed. To the best of our knowledge, the total epoxidation of the alkene ring position has never been reported with manganese compounds.
Concerning the epoxidation of the aromatic substrates (entries 1-3), it is interesting to observe the decrease of the conversion for compounds 1 and 5 with respect to compound 6 in the epoxidation of cis and trans β-methyl-styrene, which could be caused by the hexacoordinated nature of the former precatalysts that presumably leads to an increased steric encumbrance (the pyramidal complex 6 probably provides a faster route for the approach of the substrate). However, for styrene this behaviour is reversed thus indicating that, in this case, electronic factors dominate over the steric encumbrance and consequently complex 6, containing the anionic Ophpz-H ligand, leads to a lower conversion degree. On the other hand, the epoxidation of the aliphatic substrates (entries 4 and 5) manifests both types of effects.
Firstly, if we compare the two octahedral complexes 1 and 5, the lower performance displayed by 5 is rather explained by electronic factors as a less electrophilic active species is expected for this catalyst that contains only one electron-acceptor pypz-H ligand, in contrast to the bis(pypz-H) complex 1. On the contrary, the complete conversion attained by complex 6 evidences a structural influence since one would expect a poorly electrophilic intermediate for this catalyst containing two anionic Ophpz-H ligands, as discussed above for the aromatic substrates.
Regarding the oxidation of cis-β-methyl-styrene, the selectivity for the epoxide is high in all cases, but it is not stereospecific since 15% (for 1 and 6) and 20% (for 5) of trans-epoxide is produced. This behaviour is similar to that displayed by Mn(salen) catalysts bearing chlorido as counterion/axial ligand, as also stated by the ESI-MS experiments described later. After 15 minutes the spectrum is unchanged in contrast with the behaviour displayed by complex 6, indicating that low temperature is necessary to avoid degradation under these experimental conditions. In this case, subsequent addition of styrene (10 equivalents) induces a change in the spectrum, reducing this species to low-valent manganese (II) species.
It must be noticed that the catalytic experiments previously described have been carried out at room temperature but using a large excess of oxidant, thus allowing the catalytic activity for both complexes.
Electrospray mass spectra were recorded in positive detection mode for both complexes after addition of peracetic ( Figure S8 ). In the starting solution, ions at m/z 457.2 for 1 and 372.9 for 6 were detected, Figure S9 ), 5d we found a relative instability of the IIcis species that would not favor the cistrans isomerization but the direct closure of the cis epoxide ring through a barrierless step (IIcisIIIcis), i.e., the key results to point out are that the barrier of the isomerization IIcis-IItrans is 2.0 kcal/mol higher in energy than the closure of the cis epoxide, exactly the opposite with respect to the situation found in 1. Consequently, for catalyst 8, IItrans is not formed and the reaction is completely stereoselective. To find a reason for the higher reactivity of 8 as compared to 1 in the IIcisIIIcis process, we looked at the NBO charges of intermediate IIcis and we found only slight differences. For instance, the negative charge of the oxygen atom attacking the C atom to close the ring is 0.03 electrons more negative in 8. Even though this slightly different charge can make a difference, we think that the main reason for the larger reactivity of the IIcisIIIcis process in 8 has to be ascribed to the different O···C distance in the IIcis that will be transformed into a O-C bond in IIIcis. This distance is nearly 0.3 Å shorter for complex 8 (see Figure S10) , with respect to complex 1.
On the other hand, the use of a bipyridyl ligand in 9 instead of five-membered rings like in systems 1 and 7 (see Figure S9) , and with added sterical hindrance due to the presence of a pinene group in each bipyridine, confirms that the formation of trans epoxides was not possible because IIcis-IItrans transition state is 3.1 kcal/mol higher in energy with respect to the closure of the cis epoxide through the IIcis-IIIcis pathway and thus, no competition is likely.
Further calculations on the epoxidation of the 4-vinylcyclohex-1-ene substrate by 1-[Mn
confirmed the experimentally found complete selectivity towards the alkene epoxidation at the ring position. Indeed, the first barrier of the reaction pathway, which would be equivalent to the Icis-IIcis step displayed in Figure 3 for the cis--methylstyrene substrate, is located 1.8 kcal/mol higher in energy for the terminal epoxidation than for the ring epoxidation.
Catalytic olefin epoxidation in different media. Reusability of catalysts in ionic liquid:CH3CN.
We have also tested the performance of precatalysts 1, 5 and 6 in media different to the above described acetonitrile. Current research has been going on in trying to find new solvents with a small environmental impact. 11 The need to develop sustainable oxidation processes lead us to test the effect of different clean solvents as ionic liquids or glycerol on the epoxidation of alkenes using compounds 1, 5 and 6 as catalysts, and the results obtained are shown in Table 4 . As was the case for the catalytic experiments performed in acetonitrile, no epoxidation occurred in the absence of catalyst or in the presence of Mn salts, in the different media studied. The substrates chosen for this study were cis and trans-β-methylstyrene and cyclooctene, and the ionic liquid (IL) used was the commercially available [bmim]PF6.
We have investigated tThe catalytic performance of these compounds in when using ionic liquid media was first investigated using different IL:acetonitrile ratios. Without acetonitrile solvent (see for instance entry 5 in Table 4 ), we obtained high conversions but low selectivity values, presumably due to the hydrolysis and/or overoxidation of the corresponding epoxide. 32 In general, better conversion values are obtained in presence of IL:CH3CN 1:1 ([bmim]PF6:acetonitrile ratios from 1:0 to 1:1 were tested, see SI).
The selectivity for the epoxide product is well maintained in IL:CH3CN 1:1 mixture when compared to acetonitrile with only a slight decrease in some cases, but it is important to note that the presence of the ionic liquid exerts a significant stabilizing effect on our catalysts, and the conversions are improved particularly for complex 1 (compare entries 1 and 2, or 4 and 6) and are well maintained at moderate to high values for the case of complexes 5 and 6. The ionic liquids have been described to have a variety of distinctive effects in catalysis (being in some cases directly involved in the catalytic path) and, in our case, we can postulate a stabilizing effect arising from electrostatic or π-cation interactions between the bmim + cation and the aromatic rings of the ligands in the intermediate Mn species. 33 However, the presence of acetonitrile is essential to achieve good selectivities for the epoxide product, and a possible reason is that it could inhibit the mechanism of hydrolysis in a similar way to other coordinating base species which block the access of the epoxide to the acidic metal centre inhibiting the hydrolysis and consequently increasing the selectivity for the corresponding epoxide.
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The reaction in glycerol leads to an increase in the conversion values for the methylstyrene substrates (compare entries 1 and 3, or 4 and 7) but in the case of cyclooctene only a moderate conversion is attained. Also, the selectivity values for the corresponding epoxides are moderate, probably due to the hydrolysis of the epoxide as described previously for the IL:acetonitrile systems. 13 In the case of cyclooctene the selectivity values in glycerol are higher than for the two methylstyrene substrates but, although a decrease in the selectivity was observed for the latter, a total stereospecificity was observed for the cis epoxide in the epoxidation of cis-β-methylstyrene mediated by the complexes synthesized. In this context, these preliminary results are promising for the use of glycerol as a green solvent in oxidation processes using peracetic acid as oxidant. As we have previously reported, the performance of compound 1 as catalyst in these media is better than the onethat displayed by compound 5, which corroborates again the role of pyrazolic ligands in the modulation of the catalytic activity.
Based in the above results, the recyclability of the catalytic systems 1 and 6 was investigated in
[bmim]PF6:CH3CN medium and the results obtained for both catalysts are displayed in Figure 4 and in Figures S11 and S12. One can observe that the catalysts maintain an excellent performance through up to 12 runs in all cases. The selectivity towards the epoxide product is also well maintained and the conversion values are near 100% for trans--methylstyrene (Figure 4 ) and cyclooctene ( Figure S12 ), and close to 90% for cis--methylstyrene ( Figure S11 ). In this latest case, the selectivity for the cis epoxide is maintained through all the runs and this value is higher than in acetonitrile solvent (< 5% of trans epoxide isomer has been obtained for catalyst 1 and < 10% for catalyst 6, whereas in acetonitrile this value was around 15%). The overall turnover numbers for the obtaining of the respective epoxides are 914 (complex All complexes have been studied as precatalysts in the epoxidation of styrene using peracetic acid as oxidant. Among the structurally analogous six-coordinated complexes 1-4, the increased performance by chlorido with respect to triflate, acetate and nitrate complexes reveals the role of the monodentate ligands in the catalytic activity observed. Chlorido complexes 1, 5 and 6 have proven to be active in the epoxidation of other alkenes in acetonitrile. In the case of cyclooctene and 4-vinylcyclohex-1-ene substrates high conversions and good selectivity values have been achieved with these complexes, being the first reported that epoxidize specifically the ring alkene of 4-vinylcyclohex-1-ene. The epoxidation of cis-β-methylstyrene mediated by the three catalysts shows moderate to high selectivity for the epoxide, but the stereospecificity is not complete for the formation of the cis epoxide, displaying a certain degree of cis to trans isomerization. This result is in agreement with the computational calculations performed on complex 1, which predict a lower barrier for the closure of the cis epoxide than for the isomerization step, but where the overall energy difference of only 0.6 kcal/mol explains the partial formation of the thermodynamically more stable trans epoxide. Further studies with other catalysts bearing 5-and 6-membered rings bonded to the metal have demonstrated that the pyrazole rings have a key role to explain the lack of stereoselectivity in 1.
In general, conversion and selectivity values for the epoxidation mediated by compound 1 (containing two pyrazolic ligands coordinated to Mn(II)) have been found to be higher than those presented by compound 5 (containing only one pyrazolic ligand). These results highlight the crucial role that pyrazolic ligands seem to have in the fine tuning of the intermediated species formed during oxidative catalysis. On the other hand, both electronic and structural factors seem to play a role in the performance exhibited by the pentacoordinated precatalyst 6, though the metal oxidation state seems not to be relevant.
Mn chlorido complexes have also been investigated in epoxidation catalysis carried out in other media such as glycerol, a solvent with promising preliminary results for its use as a green solvent in oxidation processes using peracetic acid as oxidant. The epoxidation in an ionic liquid:solvent medium shows a remarkable effectiveness and selectivity for the epoxide product. Also, an excellent degree of reusability in the epoxidation of some alkenes in this medium has been observed for catalysts 1 and 6 which were found to be robust and recyclable catalytic systems that can be reused without loss of activity and keeping high conversion and selectivity values after twelve cycles. Afterwards, the volume of the solution was reduced to 1 mL and a pale yellow precipitate was obtained. 0ºC. Afterward the solution was stirred at room temperature for 3 h. After completion, CH3CN was removed under vacuum and the resulting suspension was washed with diethylether (3x5 mL) to extract the epoxide (which is then analyzed by GC after addition of 250 mol of biphenyl) and the oxidant byproducts. The remaining mixture was washed with NaOH aqueous solution and dried in vacuo. A new load of substrate and oxidant dissolved in acetonitrile was then added and the mixture was left for an additional 3 h run. This procedure was repeated up to twelve times.
Computational details
The density functional calculations were performed at the GGA level with the Gaussian09 set of programs, 38 with the M06L correlation-exchange functional. 39 The electronic configuration of the molecular systems was described by the standard SVP basis set, i.e. the split-valence basis set with polarization functions of Ahlrichs and co-workers, for H, C, N, and O. 40 For Mn we used the small-core, 
